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Flux of RNA in whole kidneys is difficult to study because many methods of 
preparation activate lyric enzymes and because only a little of any isotope ad- 
ministered to an animal is delivered to its kidneys.  When data are obtained, 
their interpretation may be perplexing since renal cells are heterogenous. None- 
theless,  Revel and Mandel  (1,  2)  have demonstrated some differences in  the 
patterns of p82 labeling of renal nuclear and cytoplasmic nucleic acids isolated 
by column chromatography. We have shown that polyribosomes active in pro- 
tein synthesis may be obtained from mouse kidneys homogenized in hypotonic 
buffer in  the  presence  of  bentonite,  that  unilateral  nephrectomy  causes  an 
absolute increase in the amount of polysomal material in the remaining kidney 
(3), and that the rate at which rRNA  1 is labeled increases by 2 to 4 times after 
nephrectomy (4). 
Experiments to be reported in  this paper show that conventional methods 
of extraction with hot phenol-SDS (5) are not entirely satisfactory for prepara- 
tion of renal RNA but that a  modification that involves stripping nuclear his- 
tones in hypertoni c buffer and digesting DNA gel with DNase before extraction 
(6) permits reproducible and more adequate recovery. Nuclear precursors may 
be followed into cytoplasmic rRNA and mRNA. Preliminary accounts of this 
work have appeared (7, 8), and a  description of metabolic interrelations of the 
classes of RNA in the renoprival kidney is in progress. 
Materials and Methods 
,~nimals were male mice of the Charles River strain (Ham/ICR) between 45 to 52 days old 
(30 g) caged in groups of 12 or less from the 40th day. Intraperitoneal doses of uridine-6-H  8 
(250/~c, 6.5 to 8.2 mc/mmole, New England Nuclear Corp., Boston) were permitted to in- 
corporate for the times indicated in the figures. The mice were killed by spinal transection and 
the kidneys quickly removed and cooled to 4°C in appropriate buffer. 
* This work was supported by grants from the Shriners Bums Institute, National Institutes 
of Health (HD 01988), and Damon Runyon Fund. 
Established Investigator of the American Heart Association. 
1  The following abbreviations are used throughout the paper: rRNA, ribosomal ribonucleic 
acid; mRNA, messenger RNA; sRNA, soluble RNA; SDS, sodium dodecyl sulfate; DOC, 
sodium deoxycholate; and EDTA, ethylenediamine tetracetic acid. 
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Phenol-SDS extractions.--Four kidneys in  I0 ml 0.88 M sucrose in buffer A  (0.1  ~  Tris, 
0.025 m KCI, 0.015 M MgAcz, pH 7.6 at 4°C) with 0.5 ml 1.5% buffer-equilibrated and sized 
bentonite (9) were ground with 7 complete strokes in a TenBroeck homogenizer. To this was 
added 10 ml buffer B  (0.01 ~  NaC1, 0.0001  M EDTA, 0.01 ~t NaAc, pH 5.1). The homogenate 
was  divided in half; the superuatant from  one-half centrifuged at  16,000  m,m for 20 min 
(Spinco No. 40 rotor) was designated the cytoplasmic fraction; the uncentrifuged fraction, the 
total fraction. Phenol was Maliinckrodt 88670 chromatographic grade (Mallinckrodt Chemical 
Works, St. Louis) with buffer B  (3:1 v/v) made 0.1% with 8-hydroxyquinoline (Fisher Scien- 
tific Co., Pittsburgh) (10) stored at 4°C and used at 60°C. SDS was crystallized from ethanol 
(11). Conditions of centrifugation on sucrose gradients are described in Fig. 1. 
Extraction in Hypertonic Bu~er.--For extractions by Penman's (6)  method, preparations 
were from 6  kidneys in  15 ml 0.25 M sucrose containing 0.003  m MgC12 and 0.7 ml  1.5% 
bentonite  disrupted  with  10  complete  strokes  of  each  the  loose  and  tight  pestle  in  a 
Dounce homogenizer. An equal volume of the medium was added and 5 ml of the mixture 
(designated whole cdl) was removed to a  100 ml volumetric flask containing 5 ml buffer HS 
(6)  (0.5 u  NaCI, 0.01 M Tris, 0.05 M MgCI~, pH 7.4 at 25°C).  The suspension, then containing 
large strands of gel, was warmed to 35°C, treated with 1 mg DNase (RNase-free, Worthington 
Biochemical Co., Freehold, New Jersey) in 1 ml buffer HS and agitated for a few minutes until 
the gel disappeared. The solution was made 0.5% with respect to SDS and 0.1 M with EDTA. 
Extractions with 10 ml undiluted phenol (60°C), then several times with 3 ml chloroform con- 
taluing 1% isoamyl alcohol (60°C) followed. RNA was precipitated from the final aqueous 
phase with 2 volumes of cold 95% ethanol. The pellet was dissolved in 1 ml 10 X  RSB buffer 
(0.1 ~ Tris, 0.1 ~  NaCI, 0.015 ~  MgAc~, pH 7.5), containing 1 mg DNase, and made to 0.5% 
with 0.02 ml 25% SDS. Of the original mixture 10 ml (designated cytoplasraic) was spun (4°C) 
at 1600 l~m X  10 min (International PR-2 centrifuge, International Equipment Co., Need- 
ham, Massachusetts). The superuatant made 0.01  M with respect to EDTA and 0.5% with 
SDS was extracted twice with phenol, washed with CHCls until the aqueous layer was clear, 
and precipitated without use of DNase. The ethanol-precipitated pellet was dissolved in 1 ml 
SDS buffer (0.1 M NaCI, 0.01 ~ "Iris, pH 7.4 at 25°C). Of the original homogenate the remain- 
ing 15 ml (designated nuclear) was layered over 15 ml 0.34 ~  sucrose (0.003 u  MgC12) and 
spun (4°C) at 1600 I~M X  10 min (12). The pellet was suspended in 4 ml 2.2 M sucrose (0.00005 
u  CaC12, 0.001 M MgCI~) for transfer to a Ten Broeck homogenizer; total volume was brought 
to 10 ml with washings. An even suspension was obtained with one complete stroke and one 
down-stroke of the pestle, after which the suspension was centrifuged at 40,000 ~pu )< 60 min 
(Spinco No.  40 rotor 4°C).  Pellicle, superuatant, and material adhering to the walls were re- 
moved. The pellet was treated with 10 ml buffer HS, DNase, EDTA, and SDS, and extracted 
and precipitated similarly to the whole cell fraction. 
Analysis.--The final 1 In] SDS solutions were layered onto 26 ml of 15 to 30% gradients of 
sucrose in SDS buffer and spun (25°C) at 17,000 m,~ X 16 hr (Spinco SW 25.1). Optical density 
at 260 m# of fractions collected from the bottom of the tube was recorded automatically. 
Acid-precipitable radioactivity on Millipore filters was dissolved in 1 ml concentrated NII 4OH 
(13) and counted in 20 ml Bray's (14) scintillator at 8% efficiency. 
Pdyribosomes.--These  were  prepared  (3)  from  the  postmitochondrial superuatant  of  6 
kidneys radioactively labeled as described in Fig. 3. 
RESULTS 
Phenol-SDS Extractiom  (Fig./).--Bulk  RNA  responsible for the optical den- 
sity  peaks  was  nominally  termed  5S,  18S,  and  285.  Polydisperse  RNA  and 
sRNA  appeared in the cytoplasm within 10 min. Entry  into 18S and 28S RNA RONALD  A.  MALT  681 
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F;o.  1.  Four kidneys from mice labeled by intraperitoneal injection of 250 #c uridine-H  3 
were removed at the times shown in the figure, cooled, and processed as described in the text. 
RNA extracted with phenol-SDS at 60°C was precipitated with 2 volumes ethanol at --20°C 
(0.1 u  NaCI) redissolved in SDS buffer, and layered on 26 ml 15 to 30% sucrose-SDS gradients. 
Centrifugation was for 17 hr at 24,000 av~ (SW 25.1)  at 18°C.  Optical densities (260 in#) of 
fractions collected from the bottom of the tube were recorded automatically (Gilford Spectro- 
photometer, Gilford Instrument Laboratories, Inc., Oberlin, Ohio)  OD, ....... 
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was next apparent together with an increase in the activity of material from 
12 to 14S. At 4 hr radioactivity largely corresponded with the optical density 
peaks. In an experiment designed to verify that much of the rapidly labeled 18S 
RNA was ribosomal, the kidneys labeled for 10 and 20 min were homogenized 
in 0.88 ~  sucrose without added electrolytes;  similar treatment provided maxi- 
mal separation of rRNA and mRNA in liver homogenates  (15). Microsomes 
and ribosomes were prepared as before  (4)  and dissolved in 0.5 % SDS. The 
ribosomes could be  so  treated directly, but  the nucleolytic enzymes  of the 
microsomal membranes  (16) prevented satisfactory analysis of the microsomal 
ribosomes unless they were first deposited by centrifugation through sucrose d 
1.53 in buffer A (40,000 lU,~ X  16 hr, Spinco No. 40 rotor, M. Hoagland, per- 
sonal communication).  The newly incorporated  radioactivity could be resolved 
clearly after centrifugation for 18 hr in 0.5 % SDS-sucrose gradients into a peak 
coincident with the 18S optical density and another one somewhat lighter. 
The pattern of labeling was much different in the whole cells, representing 
an equivalent mount of homogenate  with nuclei and unbroken cells. For 30 
rain the label of high specific activity was heterodisperse  between  3S to 35S 
with a maximal activity at 12 to 14S. The latter material was almost inapparent 
by 4  hr. 
Phenol-SDS-ttypertonic  Buffer  Extractions.--The  preparations  described 
above suggested either that there was much more of the rapidly labeled heter- 
ogenous nonribosomal RNA fraction usually equivalent to mRNA in the nuclei 
of kidney cells than in the cytoplasm or that extraction for the cytoplasm was 
inadequate. Recovery experiments proved that extraction was incomplete and 
that better results were obtainable with Penman's method. The results of ex- 
tractions so performed  are shown in Figs. 2 a and 2 b. The shorter period of 
centrifugation also permit display of material heavier than 28S. 
In these experiments labeling of cytoplasmic mRNA was similar to the whole 
homogenate rather than to the cytoplasmic  reaction in  the  preparations  de- 
scribed above. In addition, there was early apparent within the nucleus hetero- 
disperse RNA of high activity as heavy as 60S but with a principal  peak at 30 
to 33S (here designated 32S) and smaller peaks centered around 45S. The dis- 
tinction of these peaks from the 28S peak was assured by an experiment in which 
nuclei labeled for 30 min with uridine-C 1. and cytoplasm labeled for 24 hr with 
uridine-H  8 (to provide a 28S marker)  were extracted, sedimented together, and 
the radioactivity counted differentially. In the absence of electron micrographs 
it cannot be stated for certain that intranuclear ribosomes are responsible for 
the optical density at 18S and 28S  in the nuclear preparations; yet even if 
perinuclear  ribosomes are responsible, the contamination cannot be much as is 
seen by comparing both the fields and specific activities of RNA from nuclei 
and cytoplasm. 
While this paper was being prepared,  the data of Wilkinson and Kirby (per- RONALD  A.  MALT  683 
3  MINUTES  I0  MINUTES  30  MINUTES 
cP_.~M  cp=...~ 
IHOUR 
OD  CPM 
4  - 400  - 400  1600 
i 
.J  3  -300  -300  -  1200 
°  -20o  .,.j.,~,.,  -,oo  ~  ~  2 -200 
n 
0 
-::  A 
- 400 
3oo  AA 
200  /  ~j  ~. 




-3oo  A.,,~ 
-20o  /Y 
'°0  .~,,  ,  ~, 
2000  A 
i5oo  J>~  /  " 
-,ooo  _,,/~ ~,~ 




800  /~ 
2000  A 
22 x 
20  30 0  I0  20 
FRACTION  NUMBER 
1~0. 26 
-  1600  /'~ 
- ,~oo  ~  It Iwt 
.-.o~j  ,  ,  .2 
20 
I 
30  0  IO  20  30 
2  HOURS  4  HOURS  24 HOURS 
o~ cPi  c  P.._~=  cP_.MM 
==4t,6oo  /~,6oo  A  k16oo 
=_,  31- ,2oo  ~J~  t-'2°°  !  ~..  /  ~-'2°°  r 
2  I-8oo  /~  /\  t-6°°  I  ~"7~t"0  ~.,  / 
=  11" ,o0 jj  __...j  \t-  ,o%j'  _  _j  .if-  ,00  j  ~ 
1  4['600  -4000  ~"~  ,'~  ~- 8000  A. 
3L 12oo  ~^  -3oo0  A  IA~\  ~-,ooo  tA A 
2  600  N~\  .2ooo  IN'~,ooo  l/v 
~,  ,  ,oo  ]  -~-,ooo  ~/  t-2ooo  j  " 
I0  20  30 
4  2000  - 4000 
=,  ~ 3  ,~oo  -3ooo 
|~2  ,ooo  /A,,~-2ooo  1/-.  ~\ 
I  ~ooJJ  --%  -IOOO_.~.fJ  " 
0  I0  20  30  0  10  20  30 
FRACTION  NUMBER 
1~0. 2b 
Fzos. 2 a  and 2 b.  Six kidneys from mice lsbeled by intraperitonea] injection of 250 p,c 
uridine-H  a were removed at the times shown in the figure, cooled, and processed as described in 
the text. Ethanol-predpitsted RNA prepared by s  modificstion of Penman's method was 
dissolved in SDS and layered on 26 mi 15 to 30% sucrose-SDS gradients. Centrifugstion was 
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FiG. 3.  Polyribosomes were prepared (3) from 6 kidneys labeled as in Fig. 2 for 30 min. 
Homogenization medium was 2.8 ml RSB with 0.7 ml 1.5% bentonite. 1 ml of the postmito- 
chondrial supernatant was layered on each of 3 gradients (26 ml 15 to 30% sucrose RSB) and 
centrifuged (SW 25.1) 16 hr at 20,000 ~M (4°C) to display the material <79S. Fractions from 
one gradient were collected and precipitated. The single ribosomes (79S) are near the bottom 
of the gradient. -- OD, --o---o--o-- radioactivity. 
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FIG. 4.  Optical density of the second and third gradients from Fig. 3 was recorded. Frac- 
tions designated 60S and 45S were pooled and the RNA released with SDS in the presence of 
600 #g sRNA. After precipitation once with ethanol, the fractions were redissolved and cen- 
trifuged on 26 ml 15 to 30% sucrose-SDS gradients at 25°C.  OD, --  .... radio- 
activity The arrows show the location d  the sRNA peak. Note that the first 8 fractions are 
not plotted. (a) 60S pool centrifuged 17 hr at 24,000 RPM at 18°C; and (b) 45S pool centrifuged 
17 hr at 24,000 RP•  at 18°C. RONALD  A. MALT  685 
sonal communication) became available. These studies defined fast sedimenting, 
rapidly labeled RNA associated with DNA in phenol-extracted rat hepatoma 
tissue. Since we twice incubated our preparations with DNase, identity of these 
species with ours seemed unlikely. To eliminate the possibility, experiments on 
nuclei and cytoplasm were done as before except that thymidine-H  3 (250 #c per 
mouse, 12.5 mc/#mole) was administered. No acid precipitable radioactive ma- 
terial heavier than 5S was identified in the gradients. 
The transport of rapidly labeled RNA in the cytoplasm was investigated in 
the material sedimenting slower than single ribosomes in polysome preparations 
(Figs. 3 and 4).  These experiments show that the rapidly labeled 45S particle 
is composed both of 18S RNA and of lighter, heterogenously labeled RNA; the 
60S particle contains exclusively 28S RNA with little radioactivity. 
DISCUSSION 
Apparently undegraded preparations of nuclear and cytoplasmic RNA can 
be made from mouse kidney if temperatures about 4°C are vigorously main- 
tained during homogenization, if bentonite is added to bind basic nucleolytic 
proteins, and ff SDS is not added to suspensions containing microsomal mem- 
branes in hypotonic buffer. Initially we found that of all animals tested, rabbits, 
guinea pigs, rats, gerbils, and mice, the most reproducible preparations of poly- 
somes could be obtained using kidneys from the Charles River strain of mice, 
provided the kidneys were immediately frozen after removal from the animal 
(3). The reasons for the species specificity were not apparent; they were at first 
ascribed to differences in lysosomal content. However, since most lysosomal 
enzymes are not active at the pH used for homogenization, the lytic substances 
are more likely to be the microsomal nucleases (15),  and the advantage in the 
Charles River mice may have to do with the pathogen-free conditions in which 
they are raised (17). Subsequent experiments, such as those in this paper, have 
shown that species  differences are much less important when homogenization 
takes place in isotonic or hypertonic media. 
Considerations of mean cell size and examination of stained sections of the 
sediment from low speed centrifugation (2000 g rain) of the homogenates makes 
it appear  that  the  cytoplasmic and nuclear fractions used here  derive from 
renal  tubular cells  rather than glomeruli. Accentuation of ribosomal labeling 
during the growth phase of tubular cells in renoprival kidneys and depression 
during the phase of division (7), while glomeruli show no morphologic evidence 
of growth, further supports  this contention. Homogenates of whole cells,  of 
course, contain all elements. 
Comparison of the labeling of cytoplasmic RNA extracted with hot phenol- 
SDS alone and of that extracted by Penman's method reveals little similarity; 
in fact, cytoplasmic extracts by Penman's method look more like the whole 
cell extracts with phenol-SDS alone. Thus, to determine the kinetics of mRNA 686  RAPIDLY  LABEL'ED  NUCLEAR  AND  CYTOPLASMIC  RENAL  P-NA 
in parameters taken from the inadequate extractions,  even if mRNA were the 
only species of rapidly labeled RNA, would be wrong, although they have been 
so calculated in other systems. The fact that cytoplasmic 18Sr RNA as well as 
mRNA is rapidly labeled in kidney parallels the experience of Darnell and his 
coworkers (18, 19) and of Joklik and Becker (20) working with HeLa cells and 
of Henshaw,  Revel, and Hiatt (21) working with liver. The cytoplasmic  18S 
RNA of kidney becomes radioactive in 10 to 30 rain but cytoplasmic 28S RNA 
is not labeled until closer to 1 hr. Associated with the rapidlylabeled 18S rRNA, 
which exists in the cytoplasm as part of a 45S particle, is another lighter hetero- 
geneous rapidly labeled RNA, by analogy mRNA (22). One possibility is that 
the 18S RNA with messenger escapes from the nucleus during homogenization 
Another is that the two together in a 45S particle  constitute a variety of in- 
formosome (23) that transports messenger from nucleus to cytoplasm. The best 
rationalization, however, seems to be that 18S and mRNA molecules released 
independently from the nucleus become associated in the cytoplasm. Evidence 
for this contention is found in experiments  that show a continual nucleocyto- 
plasmic flow of messenger in the absence of nuclear synthesis of 18S RNA (24). 
Although 18S and 28S RNA are detectable in the nuclei of kidney (tubular) 
cells, so little rRNA is present that there is a real possibility that renal nuclei, 
like HeLa cell nuclei (6) contain no ribosomes and that the optical density re- 
suits from  perinuclear fragments  of cytoplasm  undetectable by  phase microscopy. 
Electron micrographs, however, indicate that structures compatible  with nu- 
clear ribosomes are actually found in renal cells (25). 
Besides the quantitative differences in the classes of stable RNA in nuclei and 
cytoplasm there are also differences in the patterns of labeling. In nuclei there 
is early incorporation  of precursor  into heterodisperse  nucleic acids as heavy 
as 60S but with peaks at 45S, 23S and 14S. Thereafter, although there is still 
heterodlspersity,  a predominant moiety estimated (26) at 32S as is present for 
4 hr.  It becomes observable when 18S cytoplasmic RNA first appears.  By 24 
hr  the heaviest stable fraction sediments  almost with the 28S  peak.  These 
rapidly labeled classes of nuclear RNA are consistent with the 45S, 35S, and 30S 
fractions identified by Penman in logarithmic  phase HeLa cell nuclei. If Pen- 
man's interpretation and the work of others (18-21, 27) may be transferred to 
kidney ceils, the 45S  RNA would represent  nucleolar  RNA that is quickly 
cleaved to 35S with the loss of 16S (18S) RNA into the cytoplasm, and the 32S 
would represent the mixture of 35S and 28S RNA when the 28S RNA is cleaved 
from 35S RNA. 
In stable kidney nuclei there is scarcely any 45S RNA; the principal nuclear 
component is 32S. This would argue for a state of relative nucleolar inactivity. 
Initial experiments with the growing renoprival kidney suggest that this differ- 
ence between kidney and HeLa cells is not attributable just to the fact that 
normal kidneys are by comparison making few ribosomes and that the cleavage RONALD A.  MALT  687 
of 45S to 35S is rapid. During compensatory growth of the kidney the contrast 
between HeLa cells making much nuclear polydisperse RNA and renal cells 
making much cytoplasmic polydlsperse RNA actually seems to be heightened. 
SUMMARY 
Much of the RNA in mouse kidneys is not recovered when they are extracted 
with phenol-SDS at 60°C. Better recovery is achieved by extracting in hyper- 
tonic buffer with phenol-SDS, chloroform, and isoamyl alcohol after treatment 
with DNase. 
1.  Among the polydisperse RNA in the renal nuclei are small amounts of 
45S RNA and large amounts of 32S RNA; the latter first appear when 18S RNA 
is detectable in the cytoplasm 10 mln after administration of uridine-I-P. 
2.  In the cytoplasm rapidly labeled 18S  RNA is transported as part of a 
45S particle to which mRNA is attached. 
3.  Compared to HeLa cells in culture, normal mouse kidney is poor in the 
polydisperse nuclear precursors of rRNA  and  rich in  the  cytoplasmic poly- 
disperse RNA that sediments like mRNA. 
I thank Walter L. Miller for excellent  assistance. 
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